
lable at ScienceDirect

Tetrahedron 67 (2011) 2483e2512
Contents lists avai
Tetrahedron

journal homepage: www.elsevier .com/locate/ tet
Tetrahedron report number 935

Synthesis and application of chiral hydrobenzoin

Kazuya Okano
API Corporation (Mitsubishi Chemical Group), 1000, Kamoshida, Aoba-ku, Yokohama-shi, Kanagawa-ken 227-8502, Japan
a r t i c l e i n f o

Article history:
Received 24 October 2010
Available online 22 January 2011
E-mail address: okano.kazuya@mm.api-corp.co.jp

0040-4020/$ e see front matter � 2011 Elsevier Ltd.
doi:10.1016/j.tet.2011.01.044
Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2484
2. Synthesis of chiral hydrobenzoin and its derivatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2484

2.1. Resolution of racemic hydrobenzoin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2484
2.1.1. Optical resolution by direct crystallization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2484
2.1.2. Optical resolution by diastereomer formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2485
2.1.3. Kinetic resolution of racemic hydrobenzoin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2485

2.2. Asymmetric dihydroxylation of trans-stilbene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2486
2.3. Asymmetric reduction of benzil or benzoin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2487

2.3.1. Biocatalytic asymmetric reduction of benzil or benzoin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2487
2.3.2. Chemocatalytic asymmetric reduction of benzil or benzoin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2487

2.4. Ring opening of stilbene oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2489
2.5. Asymmetric pinacol coupling of benzaldehyde . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2490
2.6. Derivatization of hydrobenzoin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2490

3. Application in asymmetric synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2491
3.1. Stoichiometric application in asymmetric synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2491

3.1.1. Chiral auxiliary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2491
3.1.1.1. Asymmetric addition by carbon nucleophile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2491
3.1.1.2. Asymmetric Strecker synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2491
3.1.1.3. Asymmetric cyclopropanation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2492
3.1.1.4. Asymmetric aziridination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2493
3.1.1.5. Asymmetric cycloaddition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2493
3.1.1.6. Asymmetric ene reaction and PausoneKhand reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2494
3.1.1.7. Asymmetric reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2495
3.1.1.8. Asymmetric protonation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2495
3.1.1.9. Asymmetric insertion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2497
3.1.1.10. Asymmetric reaction of chiral p-benzoquinone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2497

3.1.2. Chiral reagent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2498
3.1.3. Chiral reagent for optical resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2500

3.2. Catalytic application in asymmetric reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2501
3.2.1. Asymmetric aldol-type reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2501
3.2.2. Asymmetric addition of diethyl zinc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2503
3.2.3. Asymmetric conjugate addition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2503
3.2.4. Asymmetric allylic alkylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2505
3.2.5. Asymmetric DielseAlder reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2505
3.2.6. Asymmetric oxidation of sulfide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2506
3.2.7. Asymmetric epoxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2508
3.2.8. Asymmetric reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2508
.

All rights reserved.

mailto:okano.kazuya@mm.api-corp.co.jp
www.sciencedirect.com/science/journal/00404020
http://www.elsevier.com/locate/tet
http://dx.doi.org/10.1016/j.tet.2011.01.044
http://dx.doi.org/10.1016/j.tet.2011.01.044
http://dx.doi.org/10.1016/j.tet.2011.01.044


K. Okano / Tetrahedron 67 (2011) 2483e25122484
4. Organic functional material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2509
4.1. Polyether podands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2509
4.2. Liquid crystal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2509
4.3. Organic conducting material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2510

5. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2510
Supplementary data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2510
References and notes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2510
Biographical sketch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2512
Table 1
The reagent prices of chiral diols (SigmaeAldrich)

Compounds Fw Weight
(g)

Price

USD/btl. USD/g USD/mol

(R,R)-Hydrobenzoin 214.26 25 227.5 9 1950
(S,S)-Hydrobenzoin 214.26 25 312.5 13 2678
(2R,3R)-2,3-Butanediol 90.12 25 191 38 3443
(2S,3S)-2,3-Butanediol 90.12 25 449.5 90 8102
(1R,2R)-trans-1,2-Cyclohexanediol 116.16 1 228 228 26484
(1S,2S)-trans-1,2-Cyclohexanediol 116.16 1 244 244 28343
(R,R)-TADDOL 466.57 1 114 114 53189
(S,S)-TADDOL 466.57 1 161.5 142 66253
1. Introduction

Chiral control in organic chemistry is a central theme in both ac-
ademia and industry. In asymmetric synthesis, C2-symmetrical mol-
ecules have been employed as a chiral origin for a long time. As chiral
ligands or auxiliaries, many kinds of C2-symmetrical molecules, such
as bisphosphine, diamine, biphenol, and diene have been applied to
various chiral syntheses. Chiral diols share also an important position
in asymmetric synthesis, as chiral ligands, auxiliaries, and chiral
synthetic blocks. The industrially available chiral diols are summa-
rized in Scheme 1. Among them, hydrobenzoin (1,2-diphenyl-1,2-
ethanediol) and its derivatives have been used in various areas of
chiral chemistry and have broadened their range of applications in
synthetic chemistry. Fig. 1 shows the number of articles on these
chiral diols between 1997 and 2009 in Chemical Abstract. The in-
crease in thenumberofarticles thatare relatedtochiralhydrobenzoin
shows its usefulness and versatility in chiral technology.
HO OH

(S,S)-Hydrobenzoin (S,S)-TADDOL

HO OH

(S,S)-2,3-Butanediol

HO OH

(S,S)-1,2-Cyclohexanediol

O O

OH HO

Scheme 1. Industrially available chiral diols.

Fig. 1. The number of articles on chiral diols.
This review summarizes the synthesis and the application of
hydrobenzoin. The review by Sharpless on the catalytic dihydrox-
ylation contains examples of the preparation and application of
hydrobenzoin before 1994.1 Joshi also reported a review of the
chemistry of C2-symmetrical chiral diols in 2006.2 This review fo-
cuses on the chemistry of hydrobenzoin and its derivatives and
covers the historical background to its updated utilization.

In process chemistry, the industrial availability and cost of the
starting material are very important for the design of the synthetic
route, and especially the cost of the chiral source is often the critical
factor of the choice of asymmetric synthesis. Table 1 summarizes
the reagent price of representative C2-symmetrical chiral diols in
the Aldrich catalog. Chiral hydrobenzoin is one of the cheapest
chiral diols, which are procurable in kilogram quantities. Recent
advances of preparation methods have also enhanced the applica-
tion of hydrobenzoin and its derivatives.

2. Synthesis of chiral hydrobenzoin and its derivatives

2.1. Resolution of racemic hydrobenzoin

2.1.1. Optical resolution by direct crystallization. Hydrobenzoin has
a longhistory fromthebeginningof chiral chemistry; itwasoneof the
few compounds that could be resolved by direct crystallizationdthe
phenomena that Pasteur had found in sodium ammonium tartarate
tetrahydrate.3 The resolution of dl-hydrobenzoin by direct crystalli-
zationwas observed for the first time by Erlenmeyer, in 1897.4 Fieser
described the resolution of hydrobenzoin by hand sorting in his fa-
mous textbook, ‘Experiments in Organic Chemistry’.5 This textbook
shows the photograph of both crystals of (R,R)-hydrobenzoin and
(S,S)-hydrobenzoin obtained by direct crystallization. Ramsey also
reported the resolution by direct crystallization of dl-hydroveratroin
(1,2-bis(3,4-dimethoxyphenyl)-1,2-ethanediol). dl-Hydroveratroin
was allowed to crystallize slowly from aqueous ethanol, and several
well-formed crystals were selected and allowed to grow slowly in
contact with the mother-liquors. Each single crystal of 5e10 mg cor-
responded to either enantiomer.6

Based on these characteristics, Brienne reported the preferential
crystallization of chiral hydrobenzoin from a racemic mixture by
the seeding of the chiral crystal (Ref. 3, Scheme 2). Racemic
hydrobenzoin (11 g) is dissolved along with 0.37 g of (S,S)-



Fig. 2. Apparatus of the continuous resolution of hydrobenzoin.7

Ph

OH

Ph
11g

(racemic)

Ph

HO OH

Ph
10mg

Ph

HO OH

Ph

0.87g
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95% Ethanol
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15 times repeat

6.5g
(97% ee)

HO

Ph

OH

Ph
0.37g
(S,S)

HO
+

(seeding)

Scheme 2. Direct resolution by seeding.3
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hydrobenzoin in 85 g of 95% ethanol, and the solution is cooled to
15 �C. Seeds of (S,S)-hydrobenzoin (10 mg) are added and stirred
the solution to crystallize for 20 min. The weight of (S,S)-hydro-
benzoin (0.87 g), which is obtained after filtration was roughly
doubled from the amount of the (S,S) form added in excess at the
beginning of the experiment. The same cycle of operations, i.e.,
loading with racemic hydrobenzoin and collection of (R,R) and (S,S)
crystals, is carried out 15 times, yield 6.5 g of (S,S) and 5.7 g of the
(R,R) enantiomer, each having about 97% optical purity. Based on
this principle, Brugidou described the apparatus for the continuous
resolution of racemic hydrobenzoin (Fig. 2).7 This device is made up
of two jacketed tubes, A and B, which are maintained at different
temperatures with the circulation of hydrobenzoin solution. A seed
of one enantiomer is introduced in tube B. The crystal of the cor-
responding enantiomer grows and is separated in tube C.

Recently, Maillard disclosed a new method, ‘Particle-size-con-
trolled crystallization’.8 In the preferential crystallization of chiral
hydrobenzoin, they used a mixture of enantiomers as seed crystals,
where an enantiomer differed in size or in quantity from the other
enantiomer, to allow the separation of the crystals composed of
a mixture enriched with a enantiomer and isolated by size sepa-
ration such as sieving.

2.1.2. Optical resolution by diastereomer formation. The resolution
of racemic compounds using the formation of crystalline di-
astereomer is the standard method in the preparation of chiral
compounds; however, literature using this methodology in the
preparation of chiral hydrobenzoin is limited (Scheme 3).
Knollm€uller reported the resolution of hydrobenzoin via acetal
O
HO

OH

H
Ph

HO OH

Ph
+

Column
separation

NH2

NH2
RecrystallizationPh

HO OH

Ph
+

racemic

racemic

N
H

CO2H + B(OH)3
Ph

HO OH

Ph
+

racemic

Recrystallization

Scheme 3. Optical resolution v
formation with chiral (3a,S)-2a-hydroxy-7,8,8-trimethyloctahydro-
4,7-methanobenzofuran.9 In 1991, Kawashima reported that racemic
hydrobenzoin makes a diastereomeric complex with chiral 1,2-
cyclohexanediamine by hydrogen bonding and that both di-
astereomers canbeseparatedbycrystallization.10 Thedecomposition
of the separated diastereomer complex occurs by acid treatment
only; therefore, enantiomericallypurehydrobenzoincanbeobtained
by simple work-up. Similarly, Periasamy reported the resolution
through complexation with (S)-proline and boronic acid; however,
the structure of complex was not reported.11

2.1.3. Kinetic resolution of racemic hydrobenzoin. During this decade,
the kinetic resolution of racemic 1,2-diols by selective acylation of
hydroxyl groups has advanced. In 2003, Matsumura reported the
Ph

HO OH

Ph

CH3OH
TsOH

Ph

O
OH

Ph

Ph

HO OH

Ph

62% yield
91% ee

Column 
separation

NH2

NH2 Ph

HO OH

Ph

Complex

THF
H2O

Ph

HO OH

Ph

71% yield
99% ee

61% yield
>99% ee

Ref. 9

Ref. 10

Ref. 11

ia diastereomer formation.
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kinetic resolution of 1,2-diols by asymmetric benzoylation, catalyzed
by a chiral copper complex.12 They considered that a chiral organo-
metallic catalyst discriminates the hydroxyl group of 1,2-diol, and
generates a diastereomeric metal alkoxide to be acylated and they
found that Ph-boxeCuCl2 catalyzed the asymmetric mono-
benzoylation of racemic hydrobenzoin. If aryl group is included in
both diol and acyl chloride, an s-value reaches up to 645. The ben-
zoylation of dl-hydrobenzoin in the presence of an excess amount of
(R,R)-catalyst gave an (S,S)-benzoyl ester with 98% ee. This result
suggests that enantio-discrimination mainly took place at the acyl-
ation step, not on contact of the catalyst. Following the report by
Matsumura, the kinetic resolution of 1,2-diol by the same concept
was reported by Majoral (azabis(oxazoline)),13 Pfaltz (boron-bridged
bisoxazoline (Borabox))14, and Arai (N-tethered bis(imidazoline))15

(Scheme 4). On the other hand, Fujimoto reported that the phos-
phinite derivative of quinidine catalyzed the kinetic resolution of
racemic hydrobenzoin by benzoylation (Scheme 5).16 In this case, it
was postulated as a possible reaction mechanism that the
PhPh

HO OH

racemic

PhCOCl (0.5 eq.) H

N

O

N

O

Ph Ph
Cu

Cl Cl

N
Bn

NTs
NN

TsN

PhPh
Ph Ph

N

ONO

N

Me

iPriPr Cu
Cl Cl

Cu(OTf)2

Catalyst Pro

(S

(R

(S

N

O B

N

O

Cu
Cl Cl

(RF3C

F3C CF3

CF3

Ph Ph

Catalyst

Scheme 4. Kinetic resolution by

N

OMe

N
O

Ph2P H

p-CF3C6H4COCl 0.65 eq
iPr2NEt 0.5 eq
EtCN, -78°C

Ph

HO OH

Ph
racemic

PhPh

HO O

(R,R)

O

30 mol% 50% conversion
98% ee

CF3

Scheme 5. Kinetic resolution catalyzed by amine-phosphinite bifunctional
organocatalysis.16
phosphinite moiety activates acyl chloride as a Lewis base, and that
the nitrogen atom of quinuclidine acts as a Brønsted base to form
alkoxide by enantio-discriminative process.

Besides acylation, Onomura tried selective oxidation of the hy-
droxyl group of racemic hydrobenzoin in the presence of the same
type of bisoxazoline catalyst, but the selectivity was modest
(Scheme 6).141

2.2. Asymmetric dihydroxylation of trans-stilbene

In the 1980s, Sharpless developed the asymmetric dihydrox-
ylation of olefins using osmium tetroxide with a chiral cinchonidine
catalyst, and this reaction became the standard procedure for the
synthesis of chiral 1,2-diols from olefins. trans-Stilbene is a good
substrate for this reaction; therefore, Sharpless reported kilogram-
scale preparations of enantiopure hydrobenzoin from trans-stilbene
(Scheme7).142 By this reaction, the availability of chiral hydrobenzoin
is dramatically improved and has become the trigger to explore the
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application of chiral hydrobenzoin in many groups. Sharpless also
summarized the application of chiral 1,2-diol, including hydro-
benzoin in organic synthesis; therefore, the application of hydro-
benzoin in the area of asymmetric synthesis has increased
considerably after this review (Ref. 1). Moreover, because stilbene
became the standard substrate in the research of asymmetric dihy-
droxylation, many literatures that describes the preparation of chiral
hydrobenzoin by this reaction has been reported to date.

The problems in asymmetric dihydroxylation are the cost of the
chiral ligands and the consequent contamination by osmium. To ad-
dress these problems, several groups reported immobilization or
heterogenization of this catalytic system,143 including polymeric
cinchona alkaloids,17 osmium complexes supported on MCM-41 ze-
olites,18 and PEGylated ionic polymer-supported osmium tetroxide.19

2.3. Asymmetric reduction of benzil or benzoin

Asymmetric reduction of carbonyl compounds is currently the
most popular method for the preparation of chiral alcohols. Many
kinds of catalytic methods, including chemocatalyst and bio-
catalyst, have been used as the practical process. In this chapter, the
history and the current progress of asymmetric reduction of benzil
or benzoin are summarized.

2.3.1. Biocatalytic asymmetric reduction of benzil or benzoin. The
first report of ‘asymmetric’ synthesis of hydrobenzoin was the
biocatalytic reduction of benzil by Prelog in 1965 (Table 2).20 He
investigated the asymmetric reduction of benzil by Curvularia fal-
cate and reported that (S,S)-hydrobenzoin was obtained in high
optical yields, but approximately equal amounts of meso-hydro-
benzoin was also formed. Prelog’s work was not noticed as the
preparation method, but the result of the selectivity contributed to
the establishment of ‘Prelog’s rule,’ a general rule for the selectivity
of the reaction of the carbonyl carbon adjacent to the chiral center.
Table 2
Biocatalytic asymmetric reduction of benzil

PhPh

O O

PhPh

HO OH
or

PhPh

HO OH

(S,S) (R, R)

Biocatalyst

Biocatalyst Reaction time (days) dl/meso Ee (%) Yield (%) Ref.

Curvularia falcate 50/50 NR (S,S) 20
C. macerans 7 95/5 99 (R,R) 21
R. mucilaginosa 3e5 82/18 98 (R,R) 81 22
R. oryzae (ATCC 9363) 21 99/1 99 (R,R) 77 23
Thirteen years later, Ziffer reported that Cryptococcus macerans
reacted with benzils and yielded (R,R)-hydrobenzoins of high op-
tical purity and diastereoselectivity.21 When racemic benzoin was
used as the substrate, (R,R)-hydrobenzoin greater than 50% was
obtained and (S)-benzoin was recovered. These results can be
explained by dynamic kinetic resolution, namely, the biocatalyst
reduces (R)-benzoin more rapidly under the conditions of the ra-
cemization of benzoin. In 1986, Buisson also reported various yeast
strains and found that Rhodotorula mucilaginosa afforded high
yields of (R,R)-hydrobenzoin.22 He also observed the dynamic ki-
netic resolution; however, the yield from racemic benzoin was
modest due to the by-production of the meso-form.

In 2004, Demir reported that the fungus Rhizopus oryzae (ATCC
9363) gave (R,R)-hydrobenzoin from benzil with high selectivity
(dl/meso¼99/1, 99% ee, 77% yield).23 Racemic benzoinwas also used
as a substrate and was converted to (R,R)-hydrobenzoin (dl/
meso¼99/1, 97% ee, 76% yield) with dynamic kinetic resolution
(Scheme 8). There is a big room for improvement in the long re-
action time (benzil: 21 days) and low reaction concentration
(0.5 mmol/100 ml); however, Demir’s work shows the potential of
the biocatalytic reduction of benzil or benzoin as the preparation
method for chiral hydrobenzoin.
2.3.2. Chemocatalytic asymmetric reduction of benzil or ben-
zoin. Now, the asymmetric reduction of carbonyl compound is the
most promising and feasible method for the preparation of chiral
alcohols. The chemocatalytic method is the most widely used in
this area; however, it was necessary for the chemocatalytic asym-
metric reduction of benzil to improve the diastereoselectivity,
namely, the suppression ofmeso-diol formation. In 1983, Yamagishi
first reported the formation of chiral hydrobenzoin by the asym-
metric reduction of benzil using colloidal particles of D-Ni
(phen)32þemontmorillonite (phen¼1,l0-phenanthroline) acting as
asymmetric templates; however, the enantioselectivity was not
reported.24 Chiral RueBinap complexes, representative chiral cat-
alysts in the carbonyl reduction developed by Noyori, gave meso-
hydrobenzoin as the major product. This reason was that the
substrate control favored meso-diol formation in the second hy-
drogenation step of the hydroxyketone intermediate.25

Several groups reported that the oxazaborolidine-catalyzed
reduction of benzils yielded chiral hydrobenzoin; however, sup-
pression of meso-diol was a challenging theme (Table 3). Quallich
reported the first systematic examination of the asymmetric
reduction of various 1,2-diketone by diphenyl oxazaborolidine;
however, benzil showed moderate diastereoselectivity and enan-
tioselectivity.26 Although Fujisawa’s L-threonin-derived oxazabor-
olidine showed good enantioselectivity, diastereoselectivity was
not improved.27 Joshi found that the formation of meso-form was
due to the intramolecular hydride transfer from the initially formed
OBH2 group and estimated that faster rate of the catalyzed re-
duction gave better diastereoselectivity. As a consequence, Joshi
found that a boraneemethyl sulfide complex provided higher dia-
stereoselectivity.28 On the other hand, Wills reported phosphina-
mide catalysts that, in contrast to oxazaborolidines, exerted
a catalytic effect primarily through Lewis base interactions of the
phosphinamide oxygen atomwith the borane-reducing agent. This
catalyst also shows good selectivity in the asymmetric reduction of
benzil.29



Table 3
Chemocatalytic reduction of benzil by oxazaborolidines

PhPh

O O

PhPh

HO OH
or

PhPh

HO OH

(S,S) (R,R)

Reducing agent

Catalyst

Reducing agent Catalyst dl/meso ee (%) Yield (%) Ref.

BH3/THF HN
B
H

O

Ph Ph

(10 mol%) 52/48 85 (R,R) 26

BH3/THF
HN

B
H

O

Ph
PhTBDMSO (20 mol%)

50/50 >99 (S,S) 99 27

BH3/Me2S N
B
H

O

Ph
Ph

(10 mol%) 88/12 >99 (S,S) 85 28

BH3/Me2S

N
P

O
MeO

MeO

(10 mol%)

Ph

OH

Ph

86/14 >90 (S,S) 83 29
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In 1999, we found that asymmetric transfer hydrogenation of
benzil using a ruthenium catalyst gave chiral hydrobenzoin at high
selectivity (Table 4).30 The asymmetric transfer hydrogenation of
benzils, catalyzed by RuCl(Tsdpen)(h6-p-cymene) (Tsdpen: N-(p-
toluenesulphonyl)-1,2-diphenylethylenediamine) with a formic
acid/triethylamine mixture, gave hydrobenzoin with excellent
diastereomeric and enantiomeric purity. The use of RuCl(Tsdpen)
(h6-mesitylene) and RuCl(Tscydn)(h6-p-cymene) (Tscydn: N-(p-
toluenesulphonyl)-1,2-cyclohexanediamine) has the same effect on
this reaction. Formic acid is the best hydrogen donor for this
reduction process. Enantiomerically pure hydrobenzoin was
obtained with a high isolated yield by the simple evaporation of
triethylamine, followed by washing with water and crystallization
from methanol. Various benzil derivatives, bearing substituents on
aromatic rings, can be stereoselectively reduced to chiral hydro-
benzoin with a high enantiomeric excess and a good yield. Benzils
with electron-donating substituents were reduced with excellent
Table 4
Asymmetric transfer reduction of benzils30

O O N
H2

NPh

Ph

Ts

Ru
Cl

R R

HO OH

R R

HCO2H/Et3N
DMF

R S/C Temp (�C) Time (h) dl/meso ee (%) Yield (%)

H 1000 40 24 98.4/1.6 >99 100
CH3 1000 40 48 96.7/3.3 >99 67
OCH3 200 35 48 94.4/5.6 >99 75
F 1000 40 24 94.2/5.8 >99 100
enantioselectivity but with lower reactivity, while the reduction of
p-fluorobenzyl proceeded rapidly as expected, yielding a product
with high enantiomeric excess.

The success of the asymmetric reduction of benzils with a mix-
ture of formic acid and triethylamine relies strongly on the con-
figurationally labile stereogenic center of benzoin, the chiral
structure, and the functional group discriminating ability of the
chiral ruthenium complexes. Thanks to the rapid interconversion of
the stereochemistry of benzoin under the reaction conditions, the
dynamic kinetic resolution of benzoin allows for the diastereo- and
enantioselective synthesis of chiral hydrobenzoin and the dynamic
kinetic resolution of benzoin.31 Thus, the reaction of racemic ben-
zoin in a mixture of formic acid and triethylamine containing (S,S)-
catalyst yields (R,R)-hydrobenzoin quantitatively (Scheme 9). The
asymmetric reduction of benzils or benzoins is the most practical
method in the preparation of chiral hydrobenzoin. In particular, this
method is highly effective for preparing substituted hydrobenzoin,
because various substituted benzils and benzoins are commercially
available. Now, chiral hydrobenzoin is produced commercially by
this method at Kanto Chemical in Japan.32
N
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Ph
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Ph

O OH

Ph Ph
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Ph
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Scheme 9. Ruthenium catalyzed dynamic kinetic resolution of benzoin.31
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A recent advance in asymmetric transfer hydrogenation is the use
of water as the solvent. Xiao reported that an MTsdpen (M¼Rh, Ir)/
HCO2Na system shows excellent reactivity and selectivity for awide
range of ketones, including benzil.33

2.4. Ring opening of stilbene oxide

Ring opening of stilbene oxide is a classical method for the
preparation of hydrobenzoin. Ring opening of trans-stilbene oxide
by oxygen nucleophile proceeds syn-selectively; therefore, it af-
fords racemic hydrobenzoinwhenever oxygen attacks either benzyl
carbon. If chiral stilbene oxide is used as the substrate, the ring
opening reaction naturally affords single enantiomers of hydro-
benzoin, as reported by Berti already in 1960.34 This methodology
was inconspicuous behind Sharpless asymmetric dihydroxylation;
however, it would be useful today, because chiral stilbene oxide is
now easily prepared by several methods. When the chiral oxygen
nucleophile reacts with a racemic mixture of trans-stilbene oxide,
the diastereomer mixture can be separated to form chiral hydro-
benzoin. Collet reported that the ring opening of trans-stilbene
oxides by (þ)-mandelic or (þ)-camphanic acids followed fractional
crystallization and that saponification gave (R,R)-hydrobenzoin
(Scheme 10).35
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Scheme 10. Ring opening of trans-stilbene by oxygen nucleophle.34,35

Table 5
Enzymatic desymmetrization of meso epoxide

Ph

HO OH

PhPh

HO OH

PhPh

O

Ph
or

R,RS,S

Biocatalyst ee (%) Configuration Ref.

MEH 99 R,R 38
MEH 99 R,R 39
MEH 87 R,R 40
BD8877 99 R,R 41
BD9126 99 S,S 41
In the case ofmeso stilbene oxide, the selection of benzyl carbon
by an oxygen nucleophile, i.e., ‘desymmetrization’ technology, is
needed to produce chiral hydrobenzoin. The desymmetrization of
meso stilbene oxide is achieved by both chemocatalysis and enzyme.
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Scheme 11. Desymmetrization of mes
The chiral Co(salen) complex of Jacobsen is effective for asymmetric
ring opening of meso stilbene oxide with benzoic acid.36 Recently,
Schneider reported that a complexcomprising scandiumebipyridine
can catalyze the alcoholysis of meso epoxide with good yield and
enantioselectivity.37 The resultingmonoalkoxy hydrobenzoin can be
transformed into hydrobenzoin by deprotection (Scheme 11).

The enzymatic desymmetrization of meso stilbene oxide has
had a longer history than chemocatalysts. In the 1970s, ‘epoxide
hydrase’ had the attention in the metabolism pathway of organic
compounds, and meso stilbene oxide was used as the model com-
pound in the research of the mechanism of biological hydration.
Watabe reported that meso stilbene oxide was hydrolyzed to (R,R)-
hydrobenzoin by microsome epoxide hydrase.38 Dansette also
examined the effect of an aryl substituent on the rate at which
epoxide hydrase catalyzed the addition of water to meso stilbene
oxides, and found that a nucleophilic attack occurred and that a free
carbonium ion form of the substrate was not involved in the rate-
determining step in the mechanism.39 Belucci also reported the
enzymatic hydrolysis of meso stilbene oxide with rabbit liver mi-
crosomes; however, the optical purity of the produced R,R-hydro-
benzoin was 87%.40 However, these works were a matter for
biochemical research, and were not examined on a preparative
scale. After a blank period for 10 years, Burk reported an improved
enzymatic system to form both (R,R) and (S,S)-hydrobenzoin from
meso stilbene oxide on a preparative scale.41 He demonstrated that
(R,R)-hydrobenzoin was prepared on a gram scale by the enzyme
BD8877. The results of enzymatic hydration of meso stilbene oxide
are summarized in Table 5.
Ph
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Ph
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o stilbene by chemocatalysis.36,37
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2.5. Asymmetric pinacol coupling of benzaldehyde

The asymmetric pinacol coupling of benzaldehyde would be the
most efficient and economical route because of the good availability
of thebenzaldehydeanda short reaction step.After thefirst reportof
pinacol coupling reactions thatweremediatedwith a stoichiometric
amount of titanium reagent in 1973 by Mukaiyama, a number of
reaction systems employing stoichiometric amounts of chiral re-
agents were reported. Matsubara reported enantioselective pinacol
coupling with titanium(II) chloride with enantiopure tertiary
amines or vicinal diamines as additives; however, the enantiomeric
excess of hydrobenzoinwas 0e41%.42 By using proline-based chiral
amines, Enders first reported that the asymmetric pinacol coupling
of aromatic aldehydes stably proceeded and afforded 1,2-diols in
moderate selectivity.43 Although a stoichiometric reagent was also
needed, Riant found that a titanium phenolateechiral Schiff base
complex showed high diastereoselectivity; this work became a base
of the subsequent catalyst design.44

During this decade, catalytic asymmetric pinacol coupling has
been advanced (Table 6). In 2003, Joshi first reported catalytic
asymmetric pinacol coupling using a TieSALEN complex.45 The Ti
(IV)eSALEN complex can be easily prepared by mixing titanium
tetraisopropoxide with SALEN, followed by ligand exchange with
trimethylsilyl chloride. Reduction of the Ti(IV) complex with Zn
generates a Ti(III) species that reacts with aldehyde to produce
chiral titanium alkoxide of hydrobenzoin. Treatment by trime-
thylsilyl chloride produces disilyl hydrobenzoin, regenerates the Ti
(IV) complex, and, following desilylation by TBAF, affords chiral
hydrobenzoin. Zhu reported that the complex derived from Mo46

and V47 also works as an effective precatalyst for asymmetric
pinacol coupling. A SALEN-type ligand bearing pyridine was also
reported by You.48 Yamamoto created a very unique ligand bearing
bis-quinolinol, linked by a binaphthyl backbone, and showed good
enantioselectivity at lowcatalyst loadingwhen chromiumwas used
as the catalyst metal.49 These works revealed that asymmetric
pinacol coupling is potentially a practical route for preparing chiral
hydrobenzoin.
Table 6
Catalytic asymmetric pinacol coupling of benzaldehyde

PhCHO

Cat. (mol%) Yield (%) dl/meso ee (%) Ref.

Ph Ph

N N

N N

96 95/5 90 (S,S)

94 98/2 97 (R,R)

PhPh

HNNH

tBu

tBu tBu

tBuO O
MoO O

90 92/8 95 (S,S)

NN

OH HO

45

49

48

46

94 98/2 95 (R,R)

Reductant

2

N

HO

tBu

N

OH

tBu

BA

D
A (10)

B (15)

D (3)

PhPh

HO OH
or

PhPh

HO OH

(S,S) (R,R)

C (15)

C
Zn

R3SiCl

TESCl

TMSCl

TMSCl

TMSCl

Mn

Zn

Mn

Catalyst

Reductant
R3SiCl

CrCl2

TiCl2

TiCl4(THF)2
2.6. Derivatization of hydrobenzoin

Hydrobenzoin is often used as its derivatives for various appli-
cations (Scheme 12). The examples until 1994 are summarized by
the review by Sharpless.11,2-Diphenyl-1,2-ethylenediamine, which
is prepared by the mesylation of hydrobenzoin, followed by
azidation and reduction, is used as the chiral ligand for various
asymmetric reductions, including asymmetric hydrogenation,
asymmetric transfer hydrogenation, and asymmetric oxidation. As
mentioned in the preceding chapter, asymmetric transfer hydro-
genation is useful for the preparation of chiral hydrobenzoin.
Therefore, asymmetric transfer hydrogenation, using it as the
catalyst reproduce chiral hydrobenzoin. The chemistry of 1,2-
diphenyl-1,2-ethylenediamine is summarized by Noyori.50 As the
same nitrogen ligand, Andersson prepared C2-symmetric bisazir-
idines from hydrobenzoin in two steps and showed their utility as
chiral ligands in a variety of asymmetric transformations using
transition metals, including osmium (dihydroxylation), palladium
(allylic alkylation), and copper (cyclopropanation and aziridina-
tion).51 The bisether ligand (Tomioka ether) is often used in the
reaction of organolithium, described in the section on asymmetric
conjugate addition (Section 3.2.3). Hydrogenation of benzene
nuclei of hydrobenzoin gives 1,2-dicyclohexyl-1,2-ethanediol.
This ligand is used mainly in asymmetric insertion reactions (Sec-
tion 3.1.1.9).

The orthosubstituted analog of hydrobenzoin often indicates
improved stereoselectivity compared with non-substituted ones.
As is explained in the chemistry of asymmetric sulfide oxidation in
Section 3.2.6, o-bromohydrobenzoin shows higher enantiomeric
excess than the simple hydrobenzoin ligand. Recently, Britton
reported bidirectional ortho metalation of hydrobenzoin by alkyl
lithium (Scheme 13).52 He found that non-protected hydrobenzoin
gave a tetraanion by treatment with an excess amount of butyl
lithium. This tetraanion is trapped by various electrophiles to
give ortho-functionalized hydrobenzoin derivatives. Interestingly,
bis-benzoxaborol, obtained from the reaction with trimethyl
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borate, provides an access to a new biaryl type of chiral hydro-
benzoin. This new type of ligand is expected to broaden the utility
of hydrobenzoin.
Reagents: a) i) HC(OEt)3, NH4NO3, ii) PPTS, hydrobenzoin;
b) PhCu, BF3-Et2O; c) i) HCO2H, ii)NaOH

O
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3. Application in asymmetric synthesis

The versatility of hydrobenzoin in chiral chemistry can be at-
tributed to the nature of the oxygen atom and two aryl groups. The
coordination ability of oxygen to metal ions, or the synthetic use-
fulness as a nucleophile or leaving group, shows unique features in
asymmetric synthesis, which is different from other chiral ligands.
In this section, the application of hydrobenzoin in asymmetric
synthesis is summarized.
Scheme 14. Asymmetric addition of phenyl copper to cyclohexene aldehyde
derivative.55
3.1. Stoichiometric application in asymmetric synthesis

Owing to a rigid chiral structure of the diphenylethylene group,
multifunctional diol groups, and its good availability, hydro-
benzoin has been employed as a stoichiometric agent in asym-
metric synthesis for a long time. Hydrobenzoin can be easily
installed as a ketal, acetal, ether or ester to the substrate by the
linkage of the hydroxyl group. After the substrate is transformed
enantioselectively by the stereochemical effect of the chiral
structure of hydrobenzoin in the neighboring group, hydrobenzoin
is removed. Usually, it is easily removed by hydrolysis or hydro-
genolysis. The stoichiometric application can be divided into two
categories; chiral auxiliary, where a new chiral center is created by
the influence of the neighboring chiral group derived from
hydrobenzoin; and chiral reagent, where a new chiral center is
provided directly from hydrobenzoin.

3.1.1. Chiral auxiliary.

3.1.1.1. Asymmetric addition by carbon nucleophile. Asymmetric
1,2- or 1,4-addition by a carbon nucleophile can be conducted by
the stereochemical effect of chiral hydrobenzoin, which is induced
on the neighboring group of the reaction center. This chemistry was
explored by Konopelski53 and Jung54 in the 1990s. Hydrobenzoin is
generally introduced as a ketal moiety and removed after the
completion of the reaction.

Mangeney reported that acetals derived from cyclohexene or
cyclopentene carboaldehydes reacted with phenyl copper and bo-
ron trifluoride regio- and diastereoselectively. Chiral cyclohexane
carboaldehyde was obtained in 92% ee (Scheme 14).55
Ducrot utilized the hydrobenzoin-controlled asymmetric 1,4-
addition of furane in the synthesis of the chiral decaline structure.56

He optimized the reaction conditions and found that the desired
isomer was obtained with 84% diastereomeric excess by cryogenic
condition. Subsequent dimethyldioxirane-mediated oxidative ring
opening of the furan yielded a chiral decaline. This is a precursor of
agarofuran sesquiterpenic polyols, which attract attention with
their antifeedant activity (Scheme 15).

Charette synthesized orthoacylimine bearing hydrobenzoin as
chiral auxiliaries and tested the nucleophilic addition of organo-
lithium reagents to imines.57 The precursors can be prepared by an
aza-Wittig reaction between the corresponding orthoacyl azide
and a variety of aldehydes in the presence of trialkylphosphines.
The nucleophilic addition of organolithium reagents led to the
addition products in good yield and with good-to-excellent dia-
stereoselectivity (from 85/15 to 99/1, Scheme 16).

In the asymmetric aldol reaction, it is generally difficult to
obtain anti-diol from the reaction of glycolate with aldehyde. If
glycolate is in a fixed E-conformation by cyclization, an anti-se-
lective aldol reaction can occur. Andrus reported that oxapyrone
boron enolate, derived from chiral hydrobenzoin, underwent an
anti-selective aldol reaction.58 Deprotection by hydrogenolysis
yielded chiral dihydroxyacid (Scheme 17).

3.1.1.2. Asymmetric Strecker synthesis. Metabotropic glutamate
receptors (mGluRs) haveattractedconsiderable attention as the lead
compound for a wide range of central nervous disorders, such as
Parkinson’s disease and Alzheimer’s disease. As the lead structure
for a mGluR2/3 agonist, some groups have found a glutamic acid
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whose formation is fixed by a bicyclo[3.1.0]hexane skeleton and
have tried to develop an efficient synthetic route. One of the key
steps is to determine how to construct a chiral amino acid on a five-
membered ring. With regard to the asymmetric Strecker synthesis
for preparing the amino acidmoiety ofMGS-0028, Yasuda examined
the introduction of chiral protecting groups to neighboring carbonyl
groups and found that (S,S)-hydrobenzoin was the best chiral aux-
iliary for asymmetric induction at the b-position carbonyl group
(Scheme 18).59 The desired amino nitrile was obtained after
deprotection by acid treatment. During this treatment, hydro-
benzoin from the ketal moiety was converted into benzyl phenyl
ketone; this ketone was then easily separated by extraction.

3.1.1.3. Asymmetric cyclopropanation. In 1989, Mash reported
that 2-cycloalken-1-one (S,S)-hydrobenzoin ketal underwent effi-
cient and highly diastereoselective cyclopropanation by treatment
with an excess amount of the SimmonseSmith reagent. For ex-
ample, 2-cyclohexen-1-one (S,S)-hydrobenzoin ketal gave an
87e90% yield of a crystalline mixture of diastereomeric norcar-
anone ketal in a 19/1 ratio. One recrystallization of this mixture
provided diastereomerically pure compound.60 A mechanistic
study showed that diastereoselectivity was thought to result from
preferential chelation of the SimmonseSmith reagent at the steri-
cally hindered lone pair of electrons on the oxygen of hydrobenzoin
(Scheme 19).

Asymmetric cyclopropanation can be used as the methylation
to an enone in combination with the ring opening reaction. Cossy
found that the photoreduction of alkyl-substituted bicyclo[4.1.0]
heptanones with triethylamine leads to the corresponding 3-meth-
ylcycloalkanones. He applied this reaction to the synthesis
of (þ)-Ptilocaulin, the natural product that displays antimicrobial
activity.61 (R,R)-Hydrobenzoin was introduced to a cyclohexenone
derivative by ketalization, following the SimmonseSmith reaction,
giving chiral cyclopropane with 92% diastereomeric excess
(Scheme 20). Irradiation of cyclopropyl ketone in acetonitrile in the
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presence of triethylamine led to the desired chiralmethyl ketone. The
epimerization was unavoidable, however; the mixture of epimers
was converted into (þ)-Ptilocaulin.

Cyclopropane rings also can be opened by Birch reduction.
Cuparene is a sesquiterpene, which possesses adjacent quaternary
centers in a cyclopentane ring, and has frequently been a target for
enantioselective synthesis. Mash used asymmetric cyclopropanation
using (R,R)-hydrobenzoin in theconstructionofaquaternarycenterof
(S)-Cuparene. The resulting cyclopropane ring is opened by Li/am-
monia to give the Cuparene structure (Scheme 21).62

The ring opening reaction by trimethylsilyliodide affords a halo-
methyl group and can be utilized for the introduction of a side chain
group having a chiral center. Corbett reported the asymmetric
cyclopropanation of cyclopentenone, which afford an iodomethyl
compoundby following ringopening. This intermediate is utilized in
the synthesis of glucokinase activators (Scheme 22).63

3.1.1.4. Asymmetric aziridination. Though asymmetric aziridi-
nation can be used as the enantioselective addition of an amino
group to an olefin group as well as cyclopropanation, the chiral
auxiliary method by hydrobenzoin has not achieved high selec-
tivity. Tardella reported that the reaction of N-[[(4-nitrophenyl)
sulphonyl]-oxy]carbamate with enol ether bearing chiral hydro-
benzoin gave 2-(ethoxycarbonylamino)cyclohexanone as the main
product; however, selectivity was at a modest level.64 In a similar
manner, asymmetric aziridination at the g-position from the ketal
was also reported65 (Scheme 23).

3.1.1.5. Asymmetric cycloaddition. Asymmetric cycloaddition
enables to control the stereochemistry of two chiral centers in one
step. Diene, modified by hydrobenzoin, had been already applied
to an asymmetric DielseAlder reaction in 1989 by Konopelski.66

Vinylketene acetal, derived from chiral hydrobenzoin, gave Dielse
Alder adducts with moderate selectivity. Wallace examined het-
erodiene cycloaddition of 3-formyl chromone with ketene acetals
modified by hydrobenzoin.67 Acid-catalyzed methanolysis of
the DielseAlder adduct induces transesterification and retro-
Claisen deformylation, generating chromone that has methyl-
enecarboxylic acid introduced, releasing the hydrobenzoin to be
regenerated. In 2003, Wallace applied a similar strategy to het-
erodyne, bearing an amino group, in order to obtain b-amino acid.
The reaction of the aminomethylene carbonyl compounds and the
chiral ketene acetal derived from hydrobenzoin gave cycloadducts
with a high diastereoisomeric ratio (>19/1). The cycloadducts
were similarly transformed into b-amino acid derivatives; how-
ever, the stereochemistry of the C2-position was not controlled68

(Scheme 24).
Stereoselective DielseAlder reactions can occur by connecting

diene and dienophile with a 1,2-diphenyl ethylene backbone, de-
rived from chiral hydrobenzoin. Jung reported that an intra-
molecular DielseAlder reaction proceeded diastereoselectively and
formed chiral ketones in good yield69 (Scheme 25).

By using the acrylate ester of both hydroxyl groups of hydro-
benzoin as dienophile, 2 mol of DielseAlder adducts can be
obtained simultaneously. The requisite bis-acrylate was prepared
by esterification of (R,R)-hydrobenzoin with acryloyl chloride.
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Addition of 1,3-butadiene to the crude acrylate in the presence of
titanium tetrachloride, proceeded to form the bis-adduct in high
yield. Saponification with lithium hydroxide in aqueous methanol
gave an acid of 95% ee70 (Scheme 26).

As the method of construction of the C-ring of steroid, a Dielse
Alder reaction between diene and dienophile, which are con-
necting to hydrobenzoin together is reported. Shea prepared
(þ)-adrenosterone by an intramolecular DielseAlder reaction
between diene and dienophile, linked to (S,S)-hydrobenzoin.71

When ethylene linkage was used, an unfavorable isomer was
mainly obtained; however, (S,S)-hydrobenzoin auxiliary was
found to be reversed the p-facial stereoselectivity of the ring
closure (Scheme 27).

3.1.1.6. Asymmetric ene reaction and PausoneKhand re-
action. Asymmetric intramolecular cyclization of an enynyl com-
pound is an important methodology for the construction of chiral
polysubstituted cyclopentane, which is useful in the synthesis of
natural compounds. Sato reported titanium(II)-mediated asym-
metric intramolecular cyclization of 2,7-enynyl chiral acetals de-
rived from hydrobenzoin.72 The stereochemistry was controlled by
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a chiral hydrobenzoin acetal on the end of an ene group and syn-
thesized cyclopentane derivatives, which can be readily trans-
formed into a bicyclo[3,3,0]oct-1-en-3-one derivative. This is
a useful intermediate for the synthesis of cyclopentanoid natural
products, such as triquinanes (Scheme 28).
A chiral hydrobenzoin auxiliary on the trimethylene group also
can control eneeyne cyclization. Meijere reported that a cyclo-
propylidenalkyne with a C2-symmetric acetal moiety next to the
triple bond underwent an asymmetric PausoneKhand reaction and
gave bicyclo[3,3,0]oct-1-en-3-one in one step73 (Scheme 29).

3.1.1.7. Asymmetric reduction. a-Ketoacid is still a tough sub-
strate in the catalytic asymmetric reduction of ketones. Though
heterogeneous chiral catalysts give good enantioselectivity for
a-keto acid, heterogeneous chiral catalysts are generally not avail-
able in industrially. The diastereoselective reduction of a-keto esters
bearing chiral alcohol,which stem fromPrelog’s historicalwork, still
has practical value. Rosini reported that a-ketoester, prepared in
three steps from chiral hydrobenzoin, can be reduced by several
agents, providing the corresponding a-hydroxyester with medium
diastereoselectivity. This selectivity has been interpreted as being
due to carbonyl face-shielding by the stacking benzyl moiety and
hydrobenzoin74 (Scheme 30).

3.1.1.8. Asymmetric protonation. Enantioselective protonation of
a prostereogenic center is conceptually simple and has been shown
to be an attractive route for the preparation of enantiomerically
pure compounds. Themajority of these reports use a stoichiometric
amount of the chiral proton source to a stereochemically labile



S

S

O

S

S

O

Si
O

Ph
Ph

O

O

CO2Me

Ph
Ph

S

S

O

Si
O

Ph
Ph

O

O

CO2Me

Ph
Ph

O

O

CO2Me

HO

PhPh
CO2H

CO2Me

OHHO

PhPh

O

O

O

H H

(+)-Adorenosterone

a
97%

b

c

Reagents: a) i) oxalyl chloride, DMF, CH2Cl2,  ii) NEt3, CH2Cl2, b) i) KHMDS, THF, -78 °C, 2 h; 
ii) Ph2SiCl2, NEt3, 0 °C, 30min; iii)  DMAP, 0 °C, c) toluene, 200 °C, 18 h,

Scheme 27. Hydrobenzoin assisted asymmetric DielseAlder reaction.71

Ti(i-OPr)2

n-C5H11

O

n-C5H11

H

O

O

Ph

Ph

n-C5H11

O

OHPh

Ph
H

96% ee
83% yield

O

O

Ph

Ph

(i-PrO)2Ti

n-C5H11

O

O
(i-PrO)2Ti

H
Ph

Ph

n-C5H11

H2O

Scheme 28. Hydrobenzoin assisted intramolecular asymmetric metallo-ene reaction.72

TMS

O

O

Ph

Ph

O

TMS

H

Co2(CO)8 O
O

Ph
Ph

O

H

O

d.r.=5:1

Scheme 29. Hydrobenzoin assisted intramolecular PausoneKhand reaction.73

Ph Ph

HO OH

Ph Ph

OO

H

Ph Ph

O OH

F3C
F3C

Ph Ph

O OH

F3C

Ph O

O
O

O

CF3

Ph

Ph O

O
O

CF3

Ph

OHH

L-Selectride

diastereo ratio = 87:13

Scheme 30. Asymmetric reduction of a-keto acid using hydrobenzoin as chiral auxiliary.74

K. Okano / Tetrahedron 67 (2011) 2483e25122496



OB
O

Cl
OB

O

OB
O a b

K. Okano / Tetrahedron 67 (2011) 2483e2512 2497
proton acceptor. Notably Lewis acidic samarium (III)-mediated
enantioselective protonation propargylic phosphates is used in the
synthesis of chiral allenic esters. Chiral allenic esters are valuable
intermediates of natural products. In this reaction, reduction pro-
ceeds by proton transfer from an alcohol coordinating on samar-
ium. Mikami found that SmI2-mediated reduction of propargylic
phosphates proceeded with racemization and that carbanionic
samarium (III) species are racemized via a propargylic in-
termediate. He applied this finding to the dynamic kinetic resolu-
tion of racemic propargylic phosphates and found that highly
enantio-enriched allenic ester was obtained by using hydrobenzoin
as a chiral proton source in this system75 (Scheme 31).
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Scheme 33. Synthesis of b-substituted a-amino acid by Matteson reaction.78
3.1.1.9. Asymmetric insertion. Boronic esters have two alkoxy
groups and a reactive alkyl group; therefore, it is possible to control
stereoselectivity of the reaction of boronic ester by chiral diol on the
boron atom. Matteson examined asymmetric chloromethylene in-
sertion of boronic esters bearing chiral diols and showed that 1,2-
dicyclohexyl-1,2-ethanediol (DICHED), derived from hydrobenzoin,
is a good controller for this reaction (Matteson reaction).76DICHED is
prepared from catalytic hydrogenation of 2-methoxy-4,5-diphenyl-
1,3,2-dioxaborolane. He synthesized the precursor of Stegobiol,
pheromones of the beetle, by repeated asymmetric insertion re-
action of the chloromethylene group77 (Scheme 32).
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O’Donnell found the Matteson reaction is useful for the syn-
thesis of the intermediate in the stereoselective boron alkylation
reaction that they developed for asymmetric synthesis of
b-substituted a-amino acid78 (Scheme 33).
3.1.1.10. Asymmetric reaction of chiral p-benzoquinone. March
synthesized a chiral monoketal derived from p-benzoquinone and
hydrobenzoin and established its usefulness in the various steric
controls on the chiral cyclohexane ring.79 Partial hydrogenation of the
monoketal by Wilkinson’s catalyst and following reduction with
sodium borohydride and deprotection with montmorillonite K-10
gives chiral 4-hydroxy-2-cyclohexenone,80 which has been used as
a building block in the synthesis of the anti-cholesterol agents Com-
pactin and ML-236A and the immunosuppressant FK-506. On the
other hand, intramolecular cyclization on the cyclohexane ring is also
controlled by a hydrobenzoin ketal unit. Treatment of the monoketal
with ethyl iodoacetate in the presence of indium powder gave ester.
The following reduction by lithium borohydride gave the alcohol of
a benzofuran precursor. An intramolecular addition of the primary
alcohol to the olefin could give rise to up to four diastereoisomers, but
the stereochemical circumstance of ring closing reactions leading to
benzofurans only gave cis fused isomers conveniently. Furthermore,
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the enantioselective ring closing reaction with mercuric tri-
fluoroacetate, followed by reduction with sodium borohydride, affor-
ded a ca. 2/1 enantiomermixture of chiral benzofuran. Removal of the
chiral hydrobenzoin from the major stereoisomer using montmoril-
lonite K-10 yielded (þ)-rengyolone. In a similar fashion, g-lactoniza-
tionwas achieved by intramolecular addition of the carboxylic acid to
the olefin, promoted by trifluoroacetic acid. The cis fused lactone was
isolated and transformed to (�)-menisdaurilide (Scheme 34).81
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Scheme 34. Asymmetric transformations from chiral ketal derived from p-benzoquinone and hydrobenzoin.79e81
Similarly, Busque reported the asymmetric transformation of
1,4-cyclohexanedione monoketal, bearing hydrobenzoin. Un-
fortunately, enantioselective reaction was not observed in the al-
kylation of the chiral monoketal. Separation of the diastereomer by
the repeated crystallization successfully gave an enantiopure in-
termediate. It was transformed to (R)-(�)-sporochnol, which has
been found to show significant feeding deterrence toward herbiv-
orous fishes82 (Scheme 35).
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Scheme 35. Asymmetric synthesis of sporochnol from chiral cyclohexane monoketal.82
3.1.2. Chiral reagent. The oxygen of hydrobenzoin has nucleo-
philicity toward electrophilic carbons. By utilization of these
characteristics, a new oxygen functional group can be in-
troduced on the prochiral carbon from chiral hydrobenzoin,
which is accompanied with chiral transfer. A diphenylethylene
group can be easily removed by hydrogenolysis to leave the
oxygen. In this type of reaction, hydrobenzoin plays two roles:
an oxygen source and chiral controller. In this section, reactions
of this type are summarized, in distinction from the usual chiral
auxiliary.

Fujioka has explored the various applications of chiral hydro-
benzoin, obtained from asymmetric synthesis, based on the nu-
cleophilicity of the oxygen atom. In 1996, Fujioka reported that
chiral 1,4- and 1,5-diols can be synthesized from en-acetal, that is,
prepared from the corresponding aldehyde and hydrobenzoin; in
this case, remote asymmetric induction is the key step.83 The key
step of Fujioka’s chemistry is the stereoselective formation of an
oxonium intermediate, fused with two five-membered rings, and
the following stereoselective attack of alkoxide, which gives eight-
membered cyclic ether, comprising chiral hydrobenzoin. The ster-
eoselectivity of both steps is controlled by chiral hydrobenzoin.
When methoxyethyl group is introduced, the nucleophilic re-
placement of the alkoxy group by Grignard reagents at the acetal
carbon occurs in good yields with complete retention. The reason
for the good yields and complete retention of stereochemistry can
be attributed to chelation of the methoxyethoxy group to magne-
sium. The chiral hydrobenzoin unit is easily removed by catalytic
hydrogenolysis or Birch reduction. This reaction gives a general
strategy for the synthesis of chiral 1,4- and 1,5-diols from an ene
aldehyde (Scheme 36).
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Fujioka’s reaction has wide capability for the various asym-
metric syntheses of natural compounds. By using cyclohexadiene as
the starting material, cyclohexene-fused eight-membered cyclic
ether can be obtained. This compound can be used commonly as an
intermediate for the synthesis of cyclohexene containing natural
compounds, such as scyphostatin,84 (þ)-Sch 642305,85 and
(þ)-cryptocaryone86 (Scheme 37).
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Scheme 37. Intramolecular bromoetherification of cyclohexadiene acetal.84e86
When s-symmetric diene is used as the starting material,
double intramolecular iodoetherification occurs and gives tetra-
hydrofuran-fused eight-membered cyclic ether in one pot. Four
chiral centers of this compound are derived from a domino reaction
controlled by chiral hydrobenzoin. Fujioka applied this chemistry to
the synthesis of rubrenolide, a natural product that has been iso-
lated from trunk wood of the Amazonian tree87 (Scheme 38).
Cyclitols have recently attracted a great deal of attention due to
their diverse biological activities and their versatility as synthetic
intermediates. For example, D-chiro-inositol is considered to be one
of the significant constituents of putative insulin mediators. Kim
reported that a reaction of 3-bromocyclohexene with (S,S)-hydro-
benzoin and subsequent intramolecular oxyselenenylation of the
resulting allylic ethers, followed by oxidationeelimination, affor-
ded valuable cis-fused bicyclic olefins.88 Further, stereoselective
transformation of these cis-fused bicyclic olefins afforded the
enantiopure cyclohexitol muco-quercitol, D-chiro-inocitol, and allo-
inocitol. Chiral hydrobenzoin plays both roles of chirality control
and an oxygen source (Scheme 39).

The chiral azide derived from hydrobenzoin can be used in an
asymmetric Schmidt reaction. Aube showed that chiral
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hydroxyalkyl azides react with cyclohexanones and afforded chiral
lactam derivatives.89 The highest selectivity was obtained by using
monosubstituted 1,3-hydroxyalkyl azides; however, azide derived
from hydrobenzoin showed the best result among mono-
substituted 1,2-hydroxyalkyl azides (Scheme 40).

3.1.3. Chiral reagent for optical resolution. In the optical resolution
of compounds that have ketones, separation of a diastereomer
mixture of ketals derived from chiral diol is often used. Usually,
column separation is used at the separation process. Taber used
chiral hydrobenzoin in the optical resolution of a-alkylated cyclo-
hexanone derivatives for the synthesis of (�)-morphine90 and
(þ)-majusculone.91 In both syntheses, undesired isomer was
readily recovered by deprotection in acidic conditions (Scheme 41).

Separation using asymmetric desymmetrization by an intra-
molecular reaction in which chiral hydrobenzoin is used as a pro-
tecting group has been reported. Fujioka reported that
a haloetherification reaction of a diastereomeric mixture of ene
acetals, derived from racemic norbornene aldehydes and (S,S)-
hydrobenzoin, proceeded in a kinetically controlled manner to give
enantiopure, optically pure haloether.92 Retrobromoetherification
gave optically pure norbornene and chiral hydrobenzoin. Hydro-
benzoin showed the best result in the commercially available chiral
diols (Scheme 42).
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3.2. Catalytic application in asymmetric reactions

C2-Symmetric bidentate compounds are frequently used as
chiral ligands in asymmetric reactions. Whereas phosphine or ni-
trogen ligands are used with late-transition metals, oxygen ligands
are often used with alkali metals, alkaline earth metals, and early-
transition metals. This is due to the affinity of oxygen atoms to
these groups of metals. Hydrobenzoin is one of the representative
diols that are used as chiral ligands in asymmetric synthesis. In this
section, the example of a catalyst (including nearly stoichiometric
use) of chiral hydrobenzoin is summarized.

3.2.1. Asymmetric aldol-type reaction. The asymmetric aldol re-
action has a long history of challenge and still has been a hot area in
chiral chemistry. Various chiral catalysts, including organometal
catalysts to organocatalysts, have been examined recently by many
groups. Hydrobenzoin has also been applied as various forms in this
reaction.

The applications of a Lewis acid complex with chiral hydro-
benzoin derivatives are reported by several groups. As an early
example, Akiba isolated six-coordinate titanium complexes from
titanium tetrachloride and Tomioka ether (1,2-diphenylethane-
1,2-diol dimethyl ether) and reported that cationic Lewis acid,
generated from the complex, catalyzed an asymmetric aldol re-
action with silyl enol ether; however, the enantiomeric excess
was moderate level.93 In 2003, Yamamoto found that monoalkyl
ethers of hydrobenzoin catalyzed the enantioselective pro-
tonation of various silyl enol ethers in the presence of tin tetra-
chloride.94 His concept is a Lewis acid-assisted chiral Brønsted
acid (LBA) system; the coordination of Lewis acids with Brønsted
acids restricts the orientation of protons, and increases their
acidity. Recently, Hall reported that the combination of hydro-
benzoin with tin tetrachloride under Yamamoto’s concept led to
high levels of asymmetric induction in the allylboration of alde-
hydes by allylboronic acid pinacol ester. The corresponding
homoallylic alcohol products of synthetically useful aliphatic al-
dehydes are obtained in excellent yields with up to 96% ee by
using ortho-cyclooctyl hydrobenzoin (Vivol) tin tetrachloride
complex95 (Scheme 43).

The direct catalytic asymmetric aldol reaction between un-
modified ketones and aldehydes is highly desirable. Noyori repor-
ted the catalytic asymmetric aldol reaction of ketones and
aldehydes using calcium alkoxides prepared from chiral hydro-
benzoin.96 A chiral hydrobenzoin/calcium complex catalyzes the
reaction of acetophenone with aliphatic aldehydes to give the
corresponding aldol products. This method facilitated the synthesis
of chiral hydroxyketone in a 76% yield with 91% ee. This compound
can be used as a synthetic intermediate for epothilone A, a new
class of anti-tumor agents (Scheme 44).

The combination of a hydrobenzoin derivative and rare metal
has been examined by two groups. Kobayashi reported catalytic
asymmetric aldol reactions using praseodymium triflate and chiral
bis-pyridino-18-crown-6, which has a chiral diol unit.97 Mlynarski
also reported an asymmetric aldol-Tishchenko reaction, promoted
by Ytterbium complexes with the chiral diol and diamine ligand.98

In both case, hydrobenzoin is not the best ligand, however, the
unique nature of the rare metal complex of the hydrobenzoin unit
has been revealed (Scheme 45).
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3.2.2. Asymmetric addition of diethyl zinc. The catalytic asymmetric
addition of diethyl zinc to prochiral aldehyde has been usually
developed employing b-amino alcohols or diamines as chiral li-
gands. In 1990, Salvadori reported the first example of the asym-
metric addition of diethyl zinc promoted by chiral hydrobenzoin.99

His method is mixing diethyl zinc to a solution of (S,S)-hydro-
benzoin in toluene and stirring at room temperature. After cooling
at 0 �C, aldehyde was introduced, and the homogeneous solution
was stirred for 20 h at room temperature. The corresponding (R)-
alcohol was obtained; however, a long reaction time was needed
and the enantiomeric excess was modest level. Joshi estimated that
Salvadori’s catalyst was zinc monoalkoxide and improved the re-
activity and enantiomeric excess by raising the temperature during
catalyst formation (Table 7).100 He stated that zinc dialkoxide was
formed as an active catalyst; however, spectroscopic evidence of
zinc dialkoxide was not presented.
Table 7
Asymmetric addition of diethyl zinc catalyzed by hydrobenzoin

Ph Ph

HO OH

PhCHO + Et2Zn
Ph Et

OH

+ Et2Zn

Catalyst preparation Time (h) Yield (%) ee (%) Ref.

r.t., 30 min 69 99 77 99
80 �C, 30 min 18 98 89 100
Recently, Hitchcock reportedmechanistic researchof this reaction
and proposed a transition state structure.101 The stereochemical
outcomeof this reaction canbe influencedby the additionof titanium
isopropoxide. The enantiomeric ratios obtained in the absence of ti-
tanium isopropoxide favor the (S)-enantiomer, whereas the ratios
obtained fromtheuseof titaniumisopropoxide favor the formationof
the (R)-enantiomer. The formation of the opposite enantiomers is
attributed to the different transition statesmediated by either zinc or
titanium (Scheme 46).
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3.2.3. Asymmetric conjugate addition. The alkylation of oxygen of
geminal diol gives a C2-symmetrical diether, which is used as an
external ligand in the enantio-control of organolithium reactions.
This chemistry was mainly explored by Tomioka, and hydro-
benzoin dimethyl ether is called ‘Tomioka ether.’ Coordination of
ether oxygen to a lithium ion provides an effective chiral envi-
ronment and enhances the reactivity. In 1989, Tomioka first
reported that a stoichiometric amount of chiral Tomioka ether acts
as a chiral ligand in the enantioselective conjugate addition of
a phenyllithium to an a,b-unsaturated aldimine.102 The Merck
group used Tomioka ether as an additive in the enantioselective
1,4-addition of aryl lithium to produce a,b-unsaturated esters.103

Generally, this reaction can be done in the presence of the cata-
lytic amount of ligand; however, a stoichiometric amount of ligand
is often used by the reason of reactivity. Tomioka applied this re-
action to the synthesis of (�)-lycorine, the most abundant Amar-
yllidaceae alkaloid.104 Tomioka ether forms a chelated complex
with organolithium, where two methyl groups on the ether oxy-
gen atoms are placed on the up and down faces of the five-mem-
bered chelate due to steric reasons, thus avoiding repulsion
between the methyl group and the adjacent phenyl groups
(Scheme 47).

When the 1,4-adduct of organolithium generates a carbanion, two
chiral centers are constructed by the sequential reaction with the
electrophile.K€undigusedTomiokaether inasymmetric1,4-addition to
anarene complexed to the electrophilic Cr(CO)3moietyanddeveloped
sequential the asymmetric addition of alkyl lithiumand a electrophile
to arene to give 1,2-trans-disubstituted dihydroarenes.105 By this
methodology, he achieved the synthesis of an enantiomer of 15-ace-
toxytubipofuran, cytotoxic sesquiterpenoid106 (Scheme 48).

Bridged zirconocene, bearing a seven-membered ring, is a po-
lymerization catalyst for an isotactic polypropylene developed in
Mitsubishi Chemical. A silylene-bridged ligand was obtained by the
addition of phenyllithium to 2-methylazulene, following silylation
of the azulenyl anion. The meso form of the ligand, which obtained
the combination of the enantiomer of the azulenyl anion, does not
have polymerization activity; therefore, enantioselective addition
of phenyllithium to azulene was examined to increase the ratio of
the racemic form. We have applied Tomioka ether to the asym-
metric synthesis of this ligand and obtained a modest enantiomeric
excess of the bis-azulenyl ligand107 (Scheme 49).

The enantioselective Michael reaction of a lithium ester enolate
with enoate was also achieved by hydrobenzoin dimethyl ether.108

This reaction is applied to synthesis of a halichlorine interme-
diate109 (Scheme 50).

The conjugate addition reaction of lithium N-benzyl-
trimethylsilylamide with enoates is catalyzed by Tomioka ether to
produce b-amino esters in high enantioselectivity up to 99% ee and
high yields. This was the first example of an external chiral ligand-
controlled, asymmetric conjugate addition of lithium amides to
enoates.110 This reaction is applied to the synthesis of (�)-aspido-
spermidine111 (Scheme 51).

Chiral bisphosphazide is also examined as a functional group
to coordinate to oragnolithium. Naka reported that chiral bisphos-
phazides present a possible application as a promising dual basic
functionality (both a Brønsted and Lewis base) in stereo- and
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chemoselective catalytic transformations.112 Chiral bisphosphazides
complexed with lithium salts efficiently catalyze the direct enan-
tioselective 1,4-addition of dialkyl malonates to acyclic enones.
Spectroscopic studies on the stoichiometry of the bisphosphazide
and lithium salt have indicated the formation of a 1/1 species as the
active enantioselective catalyst (Scheme 52).
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3.2.4. Asymmetric allylic alkylation. Palladium-catalyzed asym-
metric allylic alkylation is one of the most explored reactions in
chiral chemistry. Among enormous ligands that are used in allylic
alkylation, hydrobenzoin is also employed as a chiral ligand.
RajanBabu examined several C2-symmetric diols as precursors of
the chiral backbones; however, hydrobenzoin did not show a good
result compared with diethyl tartrate or BINOL.113 Wilson prepared
a series of P,N-ligands from 2-chloro-4-methyl-6,7-dihydro-5H-[1]
pyrindine-7-one and a series of substituted chiral C2-symmetric
1,2-ethanediols, and evaluated them for use in catalytic asymmetric
synthesis in palladium-catalyzed allylic substitution. He showed
that hydrobenzoin is the best ligand in diols (90% ee).114 Zhang
synthesized a novel class of bidentate chiral P,N donor ligands in
one pot from hydrobenzoin and cinchona alkaloids in two steps.
Their application to asymmetric allylic alkylation of 1,3-diphenyl-2-
propenyl acetate gave the corresponding products in excellent
yields and up to 94% ee115 (Scheme 53).

3.2.5. Asymmetric DielseAlder reaction. The asymmetric DielseAlder
reaction, catalyzed by a chiral Lewis acid, is a well-examined reaction
and applied in many examples of synthesis; however, Lewis acid
complexes of hydrobenzoin have not achieve a satisfactory level of
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results. Kagan reported the application of a chiral diolealuminum
complex prepared from chiral diol and ethyl aluminum dichloride in
an asymmetric DielseAlder reaction of cyclopentadiene; however,
hydrobenzoin did not show asymmetric induction (1,1-diphenyl-
1,2-propanediol showed the highest ee).116 Marshall also reported
that a chiral hydrobenzoinealuminum complex prepared from
diethyl aluminum chloride gave a DielseAlder adduct of a particular
complex diene in high enantiomeric excess.70 However, in the case
of 1,3-butadiene and a-bromoacrolein, this catalyst resulted in
a modest yield and low enantiomeric excess. Oh found that chiral
hydrobenzoinetitanium complex promoted an asymmetric Dielse
Alder reaction when fumarate ester was used as a dienophile.117

A Lewis acid complex of bidentate oxygen ligand is widely used in
asymmetric DielseAlder reactions; however, the utility of hydro-
benzoin in this application is limited, especially not work for cyclo-
pentadiene (Scheme 54).
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Scheme 54. Asymmetric DielseAlder reaction catalyzed by hydrobenzoineLewis acid complex.
K€undig’s new bidentate ligand, BIPHOP-F, opens new possi-
bilities for Lewis acid catalysts derived from chiral hydrobenzoin.
K€undig reported that the Fe and Ru Lewis acids [CpFe(BIPHOP-
F)]þ and [CpRu(BIPHOP-F)]þ (BIPHOP-F¼1,2-bis-[bis(penta-
fluoro-phenyl)phosphanyloxy]-1,2-diphenylethane) gave
asymmetric induction in the DielseAlder reaction of dienes with
enals.118 The DielseAlder reaction of methacrolein with cyclo-
pentadiene, catalyzed by the RueBIPHOP-F complex, gave the
cycloadduct in 91% yield with a diastereomeric exo/endo ratio of
97/3 and an enantioselectivity of 92% ee (exo). The ligand that
was modified at the meta position of the ligand backbone phenyl
rings, (S,S)-Me4BIPHOP-F, improved the enantioselectivity of the
DielseAlder reaction of methacrolein and cyclopentadiene to
97% ee.119 a,b-Unsaturated ketones also gave cycloadducts with
cyclopentadiene in the presence of this catalyst.120 K€undig also
shows that this catalyst can be used in 1,3-dipolar cycloaddition
of enals with diaryl nitrones121 and aryl nitrile oxide122

(Scheme 55).

3.2.6. Asymmetric oxidation of sulfide. After the pioneeringwork by
Kagan andModena, chiral diols, such as diethyl tartarate are mainly
used as the titanium complex in the asymmetric oxidation of sul-
fide with hydroperoxide.123 Hydrobenzoin also can be used in the
practical production of chiral sulfoxide by asymmetric oxidation. As
the early example, Yamamoto reported that o-tolyl-hydrobenzoin
showed good enantioselectivity in asymmetric oxidation of sulfide
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Table 8
Asymmetric oxidation of aryl methyl sulfides125,126
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H2O (1.0 eq)
Solvent, 0°C, 2hr

HO OH
(0.1eq)

R2 R2

R1 R2 Solvent Yield (%) ee (%)

Me H CCl4 63 80
n-Bu H CCl4 69 80
PhCH2 H CCl4 73 >99
Me t-Bu Hexane 73 82
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Scheme 56. Asymmetric oxidation using 1,2-di(4-tert-butyl)phenyl-1,2-diol.126
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using Kagan’s ‘stoichiometric’ procedure, [Ti(OiPr)4/diol/H2O/t-
BuOOH, 1/2/1/1.1].124

Major progress has been achieved by Rosini, who developed the
catalytic asymmetric oxidation of aryl methyl sulfides, mediated by
a chiral hydrobenzoinetitanium complex.125 The asymmetric oxi-
dation of aryl methyl sulfides to sulfoxides with tert-butyl hydro-
peroxide was found to proceed using catalytic amounts of the
complex formed in situ between titanium isopropoxide, chiral
hydrobenzoin, and water. The chiral sulfoxides are obtained in
60e73% yield and with high enantiomeric excess. It is notable that
aryl benzyl sulfides, which are poor substrates for Ti/DET-catalyzed
oxidation, afforded 92e99% eewith this oxidation system. However,
optimized conditions needed the use of carbon tetrachloride as the
solvent, which inhibited its use because of environmental pollution.
Recently for this problem, Rosini investigated the effects of the
substitution on the aryl moiety of the hydrobenzoins on the asym-
metric oxidation of sulfides in detail. The substitution of the aryl ring
of the diol with both electron-withdrawing group and electron-do-
nating group substituents generally decreased the enantioselectivity
with respect to the use of unsubstituted 1,2-diphenylethane-1,2-
diol; however, the 4-tert-butyl group substituent raised the enan-
tiomeric excess of the product. Contrary to the other Ti-alcoholates
used in the oxidation of sulfides, the Ti-complex of 1,2-di(4-tert-
butyl)phenyl-1,2-diol was soluble in hexane, enabling it to perform
the process with high reactivity and enantioselectivity without
chlorinated solvent (Table 8, Scheme 56).126

Naso expanded the application of the asymmetric oxidation of
sulfide by chiral hydrobenzoin. The benzyl group or p-bromophenyl
group on sulfoxide is a good leaving group in the stereocontrolled
substitution promoted by the Grignard reagent. He synthesized
chiral benzyl p-bromophenyl sulfoxide and transformed it into
chiral dialkyl sulfoxide by sequential substitution reaction
(Scheme 57).127 During this work, Naso investigated the conditions
and the reaction mechanism in detail and found some interesting
points: (1) compared with diethyl tartarate or BINOL, the effect of
the kinetic resolution of sulfoxide by the overoxidation to sulfone is
negligible, and (2) in hexane, it is not necessary to add water. When
hydrobenzoin of low optical purity was used, the obtained chiral
sulfoxide showed higher optical purity than that of hydrobenzoin.
This ‘positive non-linear effect’ and the need for 2 mol equiv of
hydrobenzoin to titanium suggest that the active catalyst consists
of 2 mol of hydrobenzoin and 1 mol of titanium. Recently, they
proposed a reaction mechanism based on DFT computations.128
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This calculation show that stereoselectivity can be explained by the
mechanism of the approaching orientations of sulfide to the Ti
(hydrobenzoin)2 complex.

Chiral b-keto sulfoxides also can be prepared in 57e90% yields
and in 76e98% ee by this reaction system. The use of (S,S)-hydro-
benzoin as the ligand leads to aryl b-keto sulfoxides with (R)-con-
figuration at the sulfur and to methyl phenacyl sulfoxide with
(S)-configuration at the sulfur. Aryl keto sulfoxides are reducedwith
diisobutylaluminumhydride in thepresence of zinc chloride toyield
b-sulfinyl alcohols with high diastereoselectivity (Scheme 58).129
S
O TBHP/CCl4

rt, 48hr S
OO
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>98% ee

DIBAL-H
S
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Ph
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Scheme 58. Preparation of chiral b-sulfinyl alcohol from ketosulfide.129
This procedure is used in the preparation of pharmaceuticals
containing chiral sulfoxide. Recently, this asymmetric oxidation has
been applied to the preparation of various proton-pump inhibitors.
Esomeprazole, the enantiomer of Omeprazole, is obtained in high
enantiomeric excess by titanium-catalyzed asymmetric oxidation.
Jiang reported that o-bromohydrobenzoin showed higher enan-
tiomeric excess than simple hydrobenzoin.130
CO2Me
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Scheme 59. Preparation of pharmaceu
Sulindac is an anti-inflammatory drug, but recently the appli-
cation for cancer treatment has became an area of great interest. To
date, Sulindac has been used as a racemic mixture. Cardellicchio
reported the preparation of an enantiomer of Sulindac by asym-
metric oxidation by chiral hydrobenzoin in 94e96% ee with mod-
erate isolated yield (48e50%) (Scheme 59).131

3.2.7. Asymmetric epoxidation. Oxone epoxidation using chiral
ketones is an important method in the asymmetric oxidation of
olefin. Song reported asymmetric epoxidation of unfunctionalized
olefins using new C2-symmetric chiral ketone catalysts derived
from chiral diol. In the case of stilbene, hydrobenzoin showed
a better result compared with BINOL132 (Scheme 60).

3.2.8. Asymmetric reduction. Metal-catalyzed hydrogenation is the
most frequently examined asymmetric reaction in academia and
industry. In this area, C2-axis chiral bisphosphine represented by
CO2Me

S

F

O

eq)

96% ee

Br

N
H

NCH3O
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OCH3O

70% yield
>99% ee

Ref. 130

Ref. 131

ticals containing chiral sulfoxide.
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Scheme 60. Asymmetric oxidation of olefin by Oxoneeketone derived from chiral
hydrobenzoin.132
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BINAP is the majority of practical ligand, and the technology has
already matured. Unfortunately, bisphosphine ligand derived from
chiral hydrobenzoin has not shown successful results; however,
recent variations in the phosphorus group in the chiral ligand offer
a new area of activity of chiral hydrobenzoin. Mathey reported that
bisphosphinite, incorporating two 7-phosphanorbornene subunits,
is an efficient ligand for the Rhodium-catalyzed enantioselective
hydrogenation of functional alkenes in terms of rate and enantio-
selectivity.133 This type of structure is readily accessible by [4þ2]
cycloaddition of phospholes with dienophilic alkenes and can be
easily fine tuned (Scheme 61).
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P
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Scheme 61. Asymmetric hydrogenation by bisphosphinite derived from
hydrobenzoin.133
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Scheme 62. Polyether podands derived from hydrobenzoin.134e137
4. Organic functional material

Not only as the tool of organic synthesis, but also chiral mole-
cules is important as the functional material. Hydrobenzoin also
has various examples of applications in organic functional mate-
rials. In this case, the specific bulk structures derived from the
chirality of hydrobenzoin provides various effects against the
properties of the material; therefore, we can see chiral
O

O

H3CO
OO

Ref. 138

Scheme 63. The example of liquid crystal
hydrobenzoin in various functional materials. In this chapter, the
examples of functional materials containing chiral hydrobenzoin
are summarized.
4.1. Polyether podands

Chiral recognition by crown ether, derived from chiral BINOLs, is
Cram’s monumental work, which was the basis for his Novel prize.
The utilization of chiral hydrobenzoin in hosteguest chemistry also
has a long history. The first example of crown ether derived from
chiral hydrobenzoin (tetraphenyl-l8-crown-6)was reported in 1981
byHashimoto.Heusedhydrobenzoin-crownether for the resolution
of racemic amines; however, the enantioselection was a poor re-
sult.134 Stoddart improved the preparation method of tetraphenyl-
l8-crown-6.135 He prepared ammoniaeborane complexes of tetra-
phenyl-l8-crown-6 and applied them to the asymmetric reduction
of aromatic ketones; however, the enantiomeric excess was mod-
est136 Recently, Aspinall reported that a novel series of modular
chiral polyether podands derived chiral hydrobenzoin from cata-
lytically active complexes with lanthanide triflates; however,
enantioselectivities in the DielseAlder and carbonyl allylation re-
actions were very poor (generally 5%)137 (Scheme 62).
4.2. Liquid crystal

Liquid crystal is a representative electric device where chiral
molecules have an important role to play for the expression of
function. Hydrobenzoin is also examined as the chiral structure of
liquid crystals (Scheme 63). Rosini reported that a systematic study
of the cholesteric induction in nematic solvents by some cyclic
derivatives of hydrobenzoin shows that the values of the twisting
power are significantly dependent on the nature of the link con-
necting the two oxygen atoms and on the nature of the p,p0-sub-
stituents. This result has been interpreted, considering that the
nature of the bridge affects the overall molecular shape and that the
p,p0-substituents affect both themolecular polarizability and shape.
This investigation points out that the polarizability of the solute
and the solvent is the main parameter in determining the value of
the twisting power, while electrostatic areneearene interactions
contribute to a lesser extent. It has been also observed that solutes
having the same structure and the same absolute configuration can
induce cholesteric helices of opposite signs, depending on the
substituent on the aromatic ring. This finding indicates that con-
figurational assignments by cholesteric induction are reliable only
O
O

O

O

OC4H9

Ref. 139

, which have hydrobenzoin structure.
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if high values of twisting power are measured.138 Greenfield of
Merck KGaA reported the application of hydrobenzoin to liquid
crystal mixtures. One example exhibits high helical twisting power
and improved temperature stability.139

4.3. Organic conducting material

The interest in chiral compounds has been increased also by the
use of organic compounds as materials for non-linear optical ap-
plications in recent years. Many organic molecules and polymers
can exhibit high second harmonic generation (SHG) activity. Per-
cino synthesized hydrobenzoin methacrylate (Scheme 64) and
evaluated the non-linear optical property of this poly-
methacrylate.140 In comparisonwith other chiral materials, the SHG
value of the new hydrobenzoin polymer showed greater efficiency
with regard to luminescence emission.
O
O

O

O

Scheme 64. Hydrobenzoin monomer for the non-linear optical material.140
5. Summary

In this review, the author summarized the history and recent
topics of the chemistry of chiral hydrobenzoin. The long history of
this molecule reflects the advance of chiral chemistry. The various
applications that have been developed in this history reveal the
wide ability and utility of chiral hydrobenzoin as chiral ligands,
chiral auxiliaries, and functional compounds. Recent advances in
the practical preparation of chiral hydrobenzoin, including asym-
metric dihydroxylation and asymmetric transfer hydrogenation,
will contribute both to the preparation of various derivatives of
hydrobenzoin for optimization of the structure and to large-scale
synthesis in industrial use. As the most useful chiral diol, hydro-
benzoin will continue to show various features in the future.
Supplementary data

Supplementary data associated with this article can be found in
the online version at doi: 10.1016/j.tet.2011.01.044.
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